INTRODUCTION
Kansas ranks first or second each year in U.S. wheat production, with 10 million metric tons (360 million bushels) produced on 3.2 million hectares (8 million acres) in 2010 (35) . Colorado also is a major wheat-producing state, ranking fifth in U.S. wheat production in 2010, with 3 million metric tons (108 million bushels) produced on 1 million hectares (2.4 million acres) (1) . The 2010 wheat crop was valued at $1.8 billion and $600 million for Kansas and Colorado, respectively. Hard winter wheat is the dominant class of wheat produced in both states, with production concentrated in eastern Colorado and the western twothirds of Kansas.
Wheat diseases in Kansas are surveyed annually and are estimated to cause an average loss of 12% (2) . The Kansas Plant Disease Survey was formalized by the Kansas State Board of Agriculture in 1976 to complement existing annual crop reports and insect surveys. The annual wheat disease survey initially targeted fungal, bacterial, and viral diseases, but did not include plant-parasitic nematodes due to the difficulty in observing, sampling, and measuring soil-associated pathogens. Additionally, the economic impact of nematodes in winter wheat in the central Great Plains generally has gone unrecognized, despite a long history of observations of significant injury due to stunt (Merlinius brevidens) and root-lesion (Pratylenchus spp.) nematodes (3, 13, 21, 22) . The evidence for economic damage in wheat from Pratylenchus spp. is particularly convincing, with nematicide applications for control of these nematodes in Oklahoma resulting in dollar value increases of 20% and 9% for forage and grain yields, respectively, across multiple locations and years (21) . Nematicide control of P. thornei in eastern Colorado produced even greater yield increases of 28% (3) . More recently, root-lesion nematodes have been demonstrated to be important limiting factors in the production of spring wheat in Australia and Mexico, and both spring and winter wheat in the Pacific Northwest United States (19, 20, 24, 25, 26, 36) .
In 2007, the United States Department of Agriculture's Cooperative Agricultural Pest Survey program placed the British root-knot nematode (Meloidogyne artiella), the Mediterranean cereal cyst nematode (Heterodera latipons), and another cereal cyst nematode, H. filipjevi, on its list of targeted primary pests for survey (29) . This program provided an opportunity to conduct the first comprehensive survey of nematode parasites of wheat in the central Great Plains. A cooperative effort between Colorado State University and Kansas State University was initiated in 2007 to sample and census nematode populations in wheat fields across eastern Colorado and, beginning in 2008, a three-year survey of wheat fields in Kansas was conducted by the Kansas Department of Agriculture and Kansas State University.
SAMPLING AND EXTRACTION METHODS
Over the four-year period from 2007 to 2010, a total of 2,640 samples were collected from Kansas and eastern Colorado. A systematic sampling protocol was established prior to initiation of sample collection, with sampling stratified by county and by section within county (no more than one sample per section), subject to road access. Field selection for sampling was based on the criteria that the field was representative of wheat production in that county or immediate area and that field locations were separated by at least 1.6 km (6 to 9 km in most cases). Sample size was based on production hectares, with each sample representing approximately 2,000 ha on a per county basis. This sampling rate fell within guidelines proposed for detecting exotic pests such as M. artiella and H. latipons (5, 6) . Samples were collected from a 0.4-ha-sized area near an entry point of each field. Collection began about six weeks after growth resumed in the spring each year and the wheat had reached at least the Feekes 5-6 (pseudostem erect to first node visible) growth stages (14) . Soil temperatures at this six-week period were conducive for resumption of feeding and reproduction by overwintering nematode populations, thus improving the chances of detection and assessment of targeted species in soil and root samples. Sampling continued through April and May (June in northeastern Colorado) generally moving from southern counties to northern counties. Crop residue from the previous growing season was recorded at each location.
Soil samples consisted of 15 2.5-cm-diameter cores equally spaced and collected within plant rows by probing directly into wheat root systems to a depth of 12 to 15 cm. Root samples (from Kansas only) were collected by digging three sub-samples of 3 plants each and clipping the roots. Soil and root samples with stored in separate bags in a cooler and then shipped to the laboratory within 4 days of collection. GPS locations were taken at each entry point. Date, growth stage, and previous crop information was recorded for each sample.
The 2007 survey was conducted in northeastern Colorado and consisted of 535 samples collected from 9 counties. The 2008 survey was conducted in western Kansas counties, with 700 samples collected from 27 counties. Dry soils made collection at times difficult in some of the counties until late April rains arrived. In 2009, 729 samples were collected from 25 counties in central Kansas. Sampling conditions were initially dry, but an April blizzard that deposited over 68 cm of snow in some counties delayed wheat development and sampling. The 2010 survey was conducted over the eastern half of Kansas with 683 samples collected from 50 counties. Sampling did not begin until early April due to cool soil temperatures and slow wheat growth following winter dormancy. Three counties in eastern Kansas were not included in the survey, because acreage did not meet the criteria of having 2,000 ha of wheat production.
Nematodes were extracted from 100 cm 3 sub-samples of soil using a standard centrifugal-flotation technique (11) and from 2.5 g fresh weight sub-samples of wheat roots incubated in aerated tap water for 1 week (9). Nematodes were identified to genus and enumerated using an Olympus SZX16 zoom stereomicroscope. Selected individual nematodes were identified to species using an Olympus BX50 compound microscope.
Nematode counts were analyzed using SAS Proc Univariate (SAS v. 9.1, SAS Institute Inc., Cary, NC). Covariance estimates for year, crop reporting district (2), county, and field were obtained using SAS Proc Mixed, with all variables treated as random effects. Population density means were compared for cropping history effects after counts were log-transformed to reduce heterogeneity of variances.
NEMATODE PREVALENCE
Stunt nematodes (Telotylenchidae) were the plant-parasitic taxa most frequently recovered during this survey, with a prevalence of 79% and 81% for Colorado and Kansas, respectively (Table 1) . Merlinius brevidens and Quinisulcius acutus were the dominant species present, but several species of Tylenchorhynchus also were common. The mean population density for stunt nematodes in infested fields in Colorado and Kansas was 42 and 81 nematodes/100 cm 3 soil, respectively, with approximately 25% of all fields surveyed having population densities greater than the mean ( Fig. 1A ; data shown for Colorado and Kansas collectively). Prevalence and mean population densities of stunt nematodes were greater for this survey than those reported from a survey of cereal crops in the Pacific Northwest United States, where Smiley et al. (24) detected stunt nematodes in only 35% of fields sampled with a mean population density in infested fields of approximately 40 nematodes/100 g soil. Prevalence of stunt nematodes was similar to that for Tylenchorhynchus spp. (78%) in southeastern Idaho (28) 2009 (Table 1) . Population densities exceeded the mean density in 20% of root samples and exceeded 5,000 nematodes/g dry root in 8% of root samples (Fig. 1B) . These numbers are somewhat lower than those reported for the Pacific Northwest, where root-lesion nematodes were recovered from 95% of sampled fields, with root population densities exceeding 1,500 per g dry root in 41% to 46% of fields, and 5,000 per g dry root in 11% to 21% of fields (24) . A survey of wheat and barley fields in southeastern Idaho revealed a similarly high prevalence (96%) of root-lesion nematodes, mostly P. neglectus (28) . In contrast, wheat fields in northern Australia were found to have a high prevalence (67%) of P. thornei, but a relatively low prevalence (32%) of P. neglectus (31) Pin nematodes (Paratylenchus projectus) were recovered from 12% and 28% of Colorado and Kansas wheat fields, respectively, with a mean population density in infested fields of 159 to 180 nematodes/100 cm 3 soil (Table 1) . Only 5% of samples contained population densities exceeding the mean density, but maximum soil population densities were greater for this nematode than for any other taxon (Table 1, Fig. 1A ). Smiley et al. (24) detected pin nematodes in 10% of Pacific Northwest samples, with mean and maximum densities of 26 and 2,021 nematodes/100 g soil, respectively. Spiral (Helicotylenchus spp.), dagger (Xiphinema spp.), ring (Criconematidae), sheath (Hemicycliophora spp.), and stubby root (Paratrichodorus spp.) nematodes were recovered from <10% of Colorado and Kansas wheat fields (Table 1) . Heterodera glycines was recovered from 2.5% of soil samples collected in eastern Kansas, where the nematode is widely established in soybean production fields. Other cyst nematodes, such as H. avenae and H. filipjevi, which are known to be present in the Pacific Northwest (37) 
In general, population densities of pin, stunt, and root-lesion nematodes were positively correlated (r = 0.09 to 0.37, P ≤ 0.05) across sample sites. Stunt nematode populations in soil and rootlesion nematode populations in wheat roots were negatively correlated (r = -0.36, P < 0.0001) at population densities above theoretical damage thresholds. Although circumstantial, this reasonably could be interpreted as evidence for interspecific competition in the presence of resource limitations (e.g., restricted root growth) resulting from nematode feeding injury.
GEOGRAPHIC DISTRIBUTION
No detectable patterns were observed for nematode prevalence across eastern Colorado or western through central Kansas, although maximum densities tended to be concentrated in southern central Kansas (Fig. 2) . Both prevalences and densities of stunt, root-lesion, and pin nematodes declined, however, in eastern Kansas, likely a result of the notable gradients in soil texture, precipitation, and cropping systems that occur across the region. The effects of these gradients are confounded and difficult to partition. For example, soil textures are dominated by silt loams in xeric eastern Colorado and western Kansas, while silty clay loams are common in more mesic eastern Kansas. Population development of P. projectus is favored by silt loam soils compared to silty clay loam soils (8), and P. neglectus has been reported to be associated with loamy soils, while P. thornei is more prevalent in heavier soils (12, 18) . These patterns in soil preferences are not always consistent, however. It is likely that reduced wheat cropping frequency in eastern Kansas also contributed to the nematode distributions observed during this survey.
Covariance estimates for the Kansas survey data indicate that variation among fields within county and year accounted for 84% to 94% of the total variation in nematode densities, while variation among Crop Reporting Districts (2) and years accounted for only 0% to 3% and 1.5% to 7%, respectively, of the total variation in nematode densities (Table 2) . Although survey samples were collected by geographic region across four years (including the Colorado data), it is clear that year effects were relatively insignificant, and that the results can be generalized for making inferences about the distribution of plant-parasitic nematodes and any associated yield loss for wheat in Kansas and eastern Colorado. While large-scale generalizations may be relatively consistent at the state or regional level, they are not very reliable at the field scale, emphasizing the necessity of regular monitoring of nematode populations in individual fields.
CROP ROTATION EFFECTS
The effect of previous crop on nematode population densities in wheat soil or roots is summarized in Table 3 . Pin and stunt nematode population densities were reduced 68% and 31%, respectively, when the wheat crop was preceded by corn, grain sorghum, or soybean. Root-lesion nematode population densities were not affected by previous crop, but were 38% and 12% lower in wheat soil and roots, respectively, when the wheat crop was preceded by a fallow period. Despite the results observed for pin and stunt nematodes, the relatively broad host ranges of the dominant nematode species recovered during this survey suggests that the prospect for using crop rotation to manage plant-parasitic nematodes in wheat production fields in Colorado and Kansas is limited. In particular, corn, grain sorghum, and/or soybean have been reported to be moderate to good hosts for P. projectus, Q. acutus, and P. neglectus (4, 7, 8, 16, 17, 34) . It is unlikely, therefore, that these nematodes can be collectively managed with crop rotation, given the crops commonly used in rotations in this region.
The observation that lower root-lesion nematode population densities were associated with wheat following fallow is supported by similar evidence from the Pacific Northwest (24) . Root-lesion nematodes can be distributed across much greater depths in the soil profile than that sampled during this survey (23, 32) , suggesting that a more extensive sampling regime is necessary to confirm these results. It should be further noted that previous studies have documented anhydrobiosis in P. thornei and possibly P. neglectus, as well as in M. brevidens, potentially limiting any beneficial effects resulting from a fallow period for these species (10, 30, 33) .
ECONOMIC IMPACT
Strong evidence of economic damage to wheat due to nematode parasitism exists only for M. brevidens, P. neglectus, and P. thornei. Merlinius brevidens has been associated with stunting and yield reductions in wheat since the 1960s (13, 22) , and pathogenicity has been confirmed in controlled-environment experiments (15) . More recently, nematicide applications to spring wheat in soils infested with M. brevidens resulted in yield increases of 17% across three Pacific Northwest environments (27) . Initial population densities as low as 10 nematodes/100 g soil were associated with yield reductions of 8 to 24% in that study. Using a more conservative threshold of 200 nematodes/100 cm 3 soil for an expected yield loss greater than 5% (13), 1% and 7% of fields in Colorado and Kansas, respectively, would be anticipated to be at risk for significant injury from stunt nematodes. This may be an overestimate, however, since many fields contained stunt nematodes other than M. brevidens, for which the evidence for yield suppression in wheat is much weaker or nonexistent.
Damage relationships for P. neglectus on winter wheat in the Pacific Northwest suggest that a 10% yield loss occurs at a root population density of 1,000 nematodes/g dry root during grain fill (24) . For spring wheat, a 10% yield loss was predicted to occur at initial soil densities of 100 to 370 (mean = 200) nematodes/100 g soil, depending on cultivar (26) . If these relationships are applied to the Colorado/Kansas survey data, the estimated yield loss would be 2.4% and 1.9% for Colorado and Kansas, respectively, based on soil population densities, and 9% for Kansas based on root population densities. These damage models, if valid for the central Great Plains region, likely underestimate losses in this case, because of differences in timing of sample collection. Nematode populations were sampled in April and May during the tillering and boot stages for the Colorado/Kansas survey, while the yield loss models for the Pacific Northwest were based on initial (at-planting) soil population densities (for spring wheat) and root population densities at grain fill (for winter wheat). In both instances, population densities would be expected to be underestimated for our survey data relative to the Pacific Northwest model data. Soil population densities of root-lesion nematodes in spring wheat, for example, declined 87% during the first two months following planting, presumably due to nematode migration from soil into roots, while nematode densities in roots of both spring and winter wheat increased throughout the growing season (24) . It is problematic, in any case, to apply damage models from the Pacific Northwest to the central Great Plains. A more valid model based on the results of several years of nematicide trials for control of P. neglectus and other spp. on wheat in Oklahoma (C. C. Russell, unpublished data) predicts an ~1% loss in yield for each 1,000 nematodes per g dry root weight present in spring-collected samples. A similar damage relationship was observed for P. neglectus on corn in Kansas (34) , suggesting that early-season root population densities of this species may provide a relatively consistent and robust estimate of yield loss for grass crops in the Great Plains. Application of this model to the survey data yields a loss estimate of 1.5% for Kansas, with 8% of wheat acreage suffering a loss of 5% or greater.
Damage relationships for P. thornei have been reported for winter wheat in Colorado (3) and for spring wheat in Australia, Mexico, and the Pacific Northwest (19, 20, 25, 36) . Based on yield loss models for spring wheat in the Pacific Northwest, damage thresholds for P. thornei are significantly lower than those for P. neglectus (25, 26) . Yield increases following nematicide treatment averaged 13% for a mean population of 258 P. neglectus/100 g soil versus 98% for a mean population of 152 P. thornei/100 g soil. Due to its low prevalence, however, this nematode appears to be of minor importance for winter wheat in the central Great Plains.
CONCLUSIONS
Stunt and root-lesion nematodes were recovered from approximately 80% of winter wheat fields in Colorado and Kansas. Nematode population densities varied significantly among fields within the same county or district, but average population densities were similar at larger geographic scales from eastern Colorado through central Kansas. Lower nematode densities were associated with crop rotation and fallow, although these effects were nematode-specific. The prevalence of P. neglectus and the considerable evidence of its economic impact in wheat warrant greater recognition of this nematode as an important limiting factor in wheat production in the central Great Plains. Damage relationships with greater accuracy, precision, and relevance are necessary to establish reliable yield loss estimates for root-lesion nematodes in this region.
